Abstract Management of certain populations requires the preservation of its pure genetic background. When, for different reasons, undesired alleles are introduced, the original genetic conformation must be recovered. The present study tested, through computer simulations, the power of recovery (the ability for removing the foreign information) from genealogical data. Simulated scenarios comprised different numbers of exogenous individuals taking part of the founder population and different numbers of unmanaged generations before the removal program started. Strategies were based on variables arising from classical pedigree analyses such as founders' contribution and partial coancestry. The efficiency of the different strategies was measured as the proportion of native genetic information remaining in the population. Consequences on the inbreeding and coancestry levels of the population were also evaluated. Minimisation of the exogenous founders' contributions was the most powerful method, removing the largest amount of genetic information in just one generation. However, as a side effect, it led to the highest values of inbreeding. Scenarios with a large amount of initial exogenous alleles (i.e. high percentage of non native founders), or many generations of mixing became very difficult to recover, pointing out the importance of being careful about introgression events in populations where these are undesired.
Introduction
The benefits of interchanging genetic resources between populations have been deeply studied. New inputs of genetic material are usually considered a good way to protect species and biological diversity from threats such as the lost of ability to adapt to new environments and the decrease in fitness (Frankham et al. 2002) . However, gene flow can lead to a undesired introduction of genetic material into the population. Apart from the problems which could arise from outbreeding depression (Allendorf and Luikart 2007) sometimes there is a need of maintaining the population genetic background pure. In that case, when an undesired introduction of genetic material happens, the original genetic conformation would have to be recovered.
There are numerous examples where keeping the original background would be interesting. In the field of domestic animals, a particular breed could be linked to a quality product with economical interest. Many breeds provide differentiated products directly related to the specific genetic information of the breed: Iberian pigs and the Jamón Ibérico, Reggiana dairy cows and the Parmigiano Reggiano cheese and some other examples pointed by Dalvit et al. (2007) There are also specific breeds connected to a particular activity, as the Spanish and other purebred horses which are involved in sport competitions and other entertainment events with high economical benefits (MAPA 2003) . Just for aesthetical reasons dog breeds are kept separated. A dog can become a official member of a breed only if both parents belong to it, being economically devaluated when it is a mixed-breed (Parker et al. 2004) . The loss of value of crossed individuals is also common in other species.
From a conservationist point of view, gene flow can also be harmful for some animal and plant species or populations due to the replacement of native populations by invaders. Some examples of admixture and introgression have been described in birds (quail, Barilani et al. 2005 ; partridges, Negro et al. 2001) , fishes (grayling, Sušnik et al. 2004; trout, Boyer et al. 2008) , bovine (cattle, Padilla et al. 2009; bison, Freese et al. 2007; Halbert and Derr 2007) and carnivores (wolves, Miller et al. 2003; cats, Beaumont et al. 2001) .
Livestock breeds are considered important components of biodiversity, and its conservation is based on pure-breeding (Hall and Bradley 1995) . Human activities contribute to increase rates of hybridization and introgression. The relevance of this problem has been underestimated, leading in the worst case scenario to populations going to extinction. This phenomenon is happening more frequently than expected (Rhymer and Simberloff 1996; Allendorf et al. 2001) . In farm animals, microsatellite markers have revealed the occurrence of introgression (Groeneveld et al. 2010) .
Another scenario where undesired introgression occurs is when facing the task of reconstructing a completely or partially extinct breed by using cryoconserved semen on females from another breed or species (Gandini and Oldenbroek 2007) . The 50% of the genome coming from the semen bank would be from the original background, but the other 50% coming from the females would be undesired and would have to be eliminated to achieve the complete recovery of the original species.
A good example of undesired introgression (in this case due to an incorrect management of the population) is the Przewalski's horse (Bouman and Bouman 1994) . Przewalski's horse (Equus przewalskii) is an endangered species that was almost extinct after the World War II. It was described in 1881 and its entire genealogy has been kept since 1899. In the Zoological Department of the Agricultural Institute of the University of Halle in Germany, counsellor J. Kühn crossed a Przewalski's horse with a Mongolian domestic horse producing one colt (1906) that had more descendants with another Przewalski's. Domestic horse alleles introgressed the pure population and they still remain in the present Przewalski's horses. As the entire genealogy is kept and available (Volf 1994 ) the expected percentage of foreign or pure genome of each individual can be calculated.
When the introgression process takes place, the crossed individuals can be detected or not by visual signs. When the admixture is not reflected morphologically, undesired information could be removed using recorded pedigree information, if available, or using markers that allow detecting the alleles coming from different populations.
The objective of the present study is to explore the efficiency of different methods to remove the exogenous genetic information from an introgressed population using exclusively pedigree information.
Methods

Simulated data
A population with size (N) of 10 individuals (5 males and 5 females), kept constant over discrete generations was simulated. The pedigree was recorded all generations since the beginning, and used during the management. The genome of each individual was made up of 20 chromosomes of 1 M each. A total of 100 multiallelic loci were simulated per chromosome. A Poisson distributed number (k = 1) of crossingovers with no interference were generated in random positions of each chromosome when creating the offspring.
In the initial generation individuals were not inbred, and unrelated. They carried two different alleles at each locus (2N different alleles per locus in the base population) and, thus, loci were completely informative. This molecular information was used to calculate different parameters at the end of the management period to evaluate the efficiency of the methods.
Different scenarios with different degrees of introgression were simulated by varying the following factors:
Number of exogenous individuals: The percentage of introgression ranged from 10 to 50% by including 1-5 exogenous individuals (sex randomly set) as part of the base population. Native and exogenous individuals carried different alleles in all the 100 loci.
Number of generations without management: A number (1-5) of initial unmanaged generations (random contributions and mating) were simulated to obtain the admixture of the foreign information that was set in the base population and to create some relatedness among individuals.
Management
After the initial unmanaged phase, 10 generations of management were performed. Four different strategies were carried out in order to determinate contributions of individuals to the next generation (i.e. offspring generated by each potential parent):
(1) Random (R): The individuals mated randomly and parents were not selected. (2) Optimum contributions (OC): optimal contributions from parents were calculated by minimising the global coancestry weighted by those contributions,
where c i is the relative contribution of individual i to the next generation, and f ij is the coancestry between individuals i and j (Caballero and Toro 2000) . Strategy R corresponds to unmanaged populations and, thus, it provides the lower bound for the desintrogression process. Contrarily, OC (the standard management procedure recommended for conservation programmes) is directed to control the loss of genetic diversity and the rise of inbreeding. Therefore, both methods can be used as reference points for evaluating the performance of other strategies. (3) Minimum exogenous contribution (MEC): the contributions were obtained by minimising the total amount of information which came from the exogenous founders,
where f Ex,i is the coancestry between individual i and all the exogenous founders.
(4) Minimum partial coancestry (MPC): contributions were calculated by minimizing the mean partial coancestry,
where f ij * is the partial coancestry between i and j. The partial coancestry represents the kinship between two individuals due to one specific ancestor, or, in other terms, it is the probability that an offspring from that couple is homozygous for an allele descending from a specific ancestor. Sum of partial coancestries due to each of the founders is the total coancestry. Partial coancestry can be determined by using a modification of the tabular method (Lacy et al. 1996; Lacy 1997) . Under MPC strategy, partial coancestries included in the objective function were those due to the foreigner founders. Therefore, the sum across all the exogenous founders provided the value for partial coancestry used to compare individuals and to decide their contributions.
MEC and MPC methods were also implemented in all scenarios adding a restriction on the maximum rate of inbreeding (DF). Three different restrictions were imposed: 5, 10 and 15%. Also extra simulations were carried out with a population size of 100 individuals with 10, 20, 30, 40 or 50 exogenous individuals in the base population, followed by up to 5 generations without management and 10 generations under the four treatments.
All the optimizations were performed using simulated annealing algorithms (Kirkpatrick et al. 1983; Fernandez and Toro 1999) . Once the optimum contributions were obtained, minimum coancestry matings were performed in all scenarios, except for the random management, by implementing the Hungarian algorithm (Dantzig 1963) . For each scenario and management method 20 replicates were simulated and results presented are averages over replicates.
Variables
In each generation several variables were calculated to evaluate the efficiency of the different strategies: (1) nonexogenous founder representation, calculated from genealogy, (2) non-exogenous founder representation, calculated from genomic molecular information, (3) average inbreeding coefficient, (4) mean coancestry, (5) mean partial coancestry and (6) observed homozygosity. Values for 3, 4 and 5 were calculated from pedigree.
Real data
The conditions of the captive breeding programme of the Przewalski's horse have allowed keeping the complete pedigree of the horse since 1899, which is available in http://przwhorse.pikeelectronic.com/. The genealogy was analyzed and the descendents of the Mongolian domestic mare introduced in 1906 were detected. All individuals not descending from the foreign introgressed horse were identified and the relationship between them and the whole population was studied from 1935 to 2009 to evaluate the potential of desintrogression at different times. The consequences of removing carriers of exogenous alleles, both on the levels of genetic diversity and inbreeding coefficient, were also evaluated.
Results
Simulated data
Non-exogenous founder genealogical representation
Results for non-exogenous founder representation are shown in Fig. 1 . As expected, the R and OC strategies did not eliminate any exogenous representation but kept the values constant irrespective of the number of generations elapsed before management started, as only drift is affecting the frequency of foreign alleles. Note that native information observed at generation 10 under these strategies is near 90, 80, 70, 60 and 50% of that present in the base population for 1, 2, 3, 4 and 5 exogenous founders, respectively.
The most effective method for removing undesired introgression was always MEC (Fig. 1) . Maximum values of non-exogenous founder representation were always obtained when using this strategy.
In some cases, MPC could reach the efficiency of MEC, particularly when the numbers of foreigners and nonmanaged generations were low. Differences between both methods became larger as these parameters increased. When the percentage of introgression was high or many generations elapsed till the management, the chance for introgressed information being removed became too low irrespective of the strategy used (see right part of Fig. 1c) . Only in the scenarios with a small number of foreigners and a low number of generations of admixture, the original genomic information will be completely recovered.
It must be pointed out that the final value of the nonexogenous founder representation was reached in the first generation of management, and did not change afterwards under both MEC and MPC strategies (data not shown). This fact indicates that it would be enough one generation of management under MEC to obtain the best result.
Results about foreign representation calculated from the molecular information of each individual's genome follow the same pattern as the observed for the genealogical information in all cases (data not shown). This happened because the simulated loci are neutral, unlinked and completely informative in the base population, and thus genealogical and molecular coancestries are equivalent.
Inbreeding coefficient
The performance of both inbreeding and mean coancestry was similar. Consequently only the evolution of the inbreeding coefficient (F) is presented in Fig. 2 . The minimum inbreeding coefficient was obtained, as expected, with the OC method. MEC always led to the maximum values of inbreeding and mean coancestry even above the R method.
Under the R and OC strategies, the inbreeding levels reached were independent of the number of exogenous individuals in the base population but increased with the number of unmanaged initial generations. Contrarily, the number of exogenous founders affected the levels of inbreeding in MEC and MPC.
MPC led to similar results as MEC in scenarios with a low number of unmanaged generations and/or with a low number of exogenous founders (i.e. with little admixture). As the number of exogenous individuals increased the results of MPC differed from those of MEC and became more similar to those of OC. This performance is due to the fact that the greater is the number of exogenous, more founders are to be taken into account when calculating the partial coancestry and, therefore, approaching the global coancestry.
The unpleasant performance of MEC regarding the levels of inbreeding or coancestry is a consequence of the importance that this strategy gives, by definition, to the elimination of foreign information, ignoring global genetic diversity. Thus, all individuals with the same percentage of their genomes coming from exogenous founders are equivalent, and MEC assigns the same value to solutions where they contribute equally, differentially or even when some do not contribute at all. Moreover, when foreign information is evenly distributed among individuals (i.e. exogenous representation is equal in all individuals) MEC turns into Random management, as the method lacks a criterion to prioritise individuals.
To alleviate this effect a modification of the method was implemented. It consisted in selecting from all the Another trend in the performance of the inbreeding coefficient under MEC could be observed. Cases with an intermediate number of foreigners showed larger values of F and mean coancestry. This could be explained by the fact that, when there was little introgression, most available individuals to be used as parents for the next generation are completely free of exogenous influence and, thus, it is not necessary to reduce the number of used parents to perform the desintrogression. In cases with many exogenous founders, most individuals have undesired introgression, but they are almost equivalent and, consequently, all used as parents (there is no removal, but the genetic diversity is maintained). However, with an intermediate number of foreign founders just a few ''pure'' individuals (i.e. without exogenous ancestors) remain to be used as parents and, similar to a bottleneck effect, the mean inbreeding and coancestry increase.
When simulations using MEC and MPC included restrictions on the increase of inbreeding (5, 10 and 15% of rate of inbreeding per generation) results were very similar to those obtained under OC method irrespective of the restriction imposed. While coancestry and inbreeding were kept low, there was no removal of exogenous representation in any of the performed scenarios (data not shown).
Partial coancestry
Results of the evolution of partial coancestry are shown in Fig. 3 . As expected, the minimum value of partial coancestry was always obtained by minimising the partial coancestry (MPC), since this strategy was developed to do so. Populations under the R strategy yielded a partial coancestry value which increased with the number of exogenous individuals, and it was always larger than that with OC. As it happened with inbreeding, MPC became similar to OC when the number of foreigners (and also the number of unmanaged generations) was large. This is due to partial coancestry representing a part of the kinship that it is greater the larger is the number of foreigners founding the population.
When the number of unmanaged generations or external individuals was small, MEC led to a lower partial coancestry than R and OC, and to similar partial coancestry than MPC. As soon as the number of unmanaged generations or exogenous founders increased, the efficiency of MEC in keeping low levels of partial coancestry decreased. That could be explained by the fact that the individuals, despite they had lower exogenous percentage of information, were more related through the remaining foreign lineages. It has to be taken into account that the minimisation of the partial coancestry is not a specific objective of the MEC method.
Observed homozygosity
The performance of the observed homozygosity calculated from the simulated loci in all methods is equivalent to the Large population Table 1 shows the non-exogenous founder genealogical representation and the inbreeding coefficient achieved after ten generations of management for MEC and MPC strategies, N = 10 and N = 100 individuals, and a level of introgression from 10 to 50%. Results for R and OC were similar to the those obtained under these strategies in the 10 individuals population, with no desintrogression and F levels only dependent on the number of unmanaged generations (data not shown). Comparisons between the two population sizes showed that the efficiency of both methods increased with a larger number of individuals for the same percentage of introgression. In all cases lower levels of exogenous information were achieved in the 100 individuals population, and, of course, with a lower increase of inbreeding. The MEC strategy proved to be better than the MPC strategy especially with a large degree of introgression. MPC performed similarly to MEC when the percentage of exogenous founders was 10% (with similar values of native representation and F) but it got worse with more than 20% of exogenous individuals. As in the scenario with N = 10, the whole effect of MEC on the removal of foreign information in populations with 100 individuals was achieved in the first generation of management. This did not happen when managing with MPC where several generations were needed to remove the undesired information, inducing, thus, an increase in inbreeding. In this case, the efficiency of MEC is higher because the information is removed quickly and the increase of inbreeding is lower in the first generation. Results from the Przewalski's horse studbook analysis are shown in Table 2 which gives the total number of reproductive individuals with their correspondent mean coancestry (f) as well as the number of reproductive individuals with no relationship with the undesired mare (i.e. individuals with no introgressed information) with their global f from 1935 to 2010. The total number of Przewalski's horse has quickly increased since 1980, but the influence of the Mongolian domestic horse introduced is still maintained, as no particular management strategy has been implemented to remove it. From a total of 1,800 theoretical reproductive individuals currently alive, just 182 are no related to the introgressed mare. The f of this group of individuals is twice the f of the total population, reflecting a huge reduction of the genetic diversity harboured by the pure subset. Currently, just a small part of the population remains pure and with a high inbreeding level. But similar levels are found when looking at the beginning of the recorded genealogy. The influence of the exogenous horse was quickly spread into the population so just a little percentage of highly related individuals were not descendant of the foreign mare when a few generations since the introgression elapsed.
Discussion
Gene flow between populations is usually considered beneficial because it can protect the biological diversity and increases fitness by avoiding the rise of inbreeding depression. Some population analysis point out that extremely endangered populations can only be restored by introgressing new genetic material, looking for an increase in fitness due to the reduction of inbreeding that introducing exogenous alleles can produce. This process is called genetic rescue. It has been proved that very low levels of migration are enough to recover most of the genetic variation lost in a small population. (Ingvarsson 2001; Tallmon et al. 2004) .
However, some disadvantages of the admixture of genetic information have been also pointed out, when dealing with wild or domestic species, such as economical devaluation or replacement of native populations by invaders. When undesirable introgression has occurred there is a need of developing methodologies to remove the exogenous genetic information in order to recover the original background related to the economic interest or the biodiversity component. In the present study, methods based in genealogical information were tested for their accuracy in the depuration, and the effects on other genetic measures of the population, mainly F and f, were determined.
For the whole range of parameters evaluated in the simulations, it was proved that the best strategy to remove undesired information is to avoid the contribution to the next generations of those carrying the highest proportion of genetic information coming from the exogenous founders. The MEC method achieved the best results regarding the elimination of exogenous alleles in all scenarios studied. Results were the same when measuring genealogical or genomic representation of the native founders.
Notwithstanding, the power of the strategy is limited by the total number of individuals and foreigners in the population, as well as the number of generations of mixing. However, even considering a long period of introgression, when the population is large enough the ability of finding individuals completely unrelated to the exogenous founders become higher. Therefore, the size of the population is also a very important factor that affects the possibility of recovery, and obviously, the levels of inbreeding reached after the management.
The principle of the MEC method implies to select among the available candidates those individuals which keep the highest percentage of native background (ideally without foreign information). Therefore, it reduces considerably the number of animals contributing to the next generation and provokes the large increase of inbreeding reflected in Fig. 2 (similar results were observed in observed homozygosity for the genomic data). The high level of coancestry induced by the MEC strategy denotes a large loss of diversity, being this phenomenon a drawback of the method. Actions taken to avoid this side effect (i.e. a restriction in the increase of the inbreeding coefficient) led MEC to perform like OC with slow increases of F, but also with no removal of undesired information. It is clear, then, that the level of desintrogression (and the speed of the process) is directly related to this increase in inbreeding. Less stringent restrictions on the acceptable DF can be tested to look for an equilibrium between the degree of removal and the loss of diversity. As mentioned above, the removal of introgression under MEC is accomplished in the first generation of management. The method selects among all the available individuals, those with less exogenous influence. When these individuals mate, they produce all the descendants with the exact same proportion of relationship with the exogenous founders and, therefore, in the next generation MEC cannot choose among them for a second generation of management. If at least one male and one female can be found unrelated to all exogenous founders these individuals will be selected and all descendant from that moment will be also unrelated to foreigners. Consequently, no possibility of desintrogression will exist in later generations as all candidates would be equally valuable. This redistribution of the exogenous genetic information makes the method ineffective after just one generation. Thus, after implementing MEC in the first generation in order to achieve the maximization of the native genetic background, the sensibly strategy would be to keep on managing the population with OC strategy to minimise the further increase in F and the loss of genetic diversity.
General results point out the importance of the time passed away between the introgression and the starting of the management. They show that with few generations without management, a small amount of introgression can spread into the population and turn out almost impossible to recover. Therefore, it is very important to act as soon as possible to keep introgression controlled. Results of the simulations are confirmed with real data from the Przewalski's horse Studbook, where the influence of a single foreigner greatly influences the whole pedigree and remains noticeable in the current population, 100 years later. The important efforts made in the past to save the Przewalski's horse and the current programs to reintroduce it in wild have been very successful in achieving the preservation of a species that was almost extinct (less than 50 horses after the World War II). Currently it is a potentially viable population living in the border between Mongolia and China (Bouman and Bouman 1994). However, after 100 years, the influence of the Mongolian domestic horse introduced in the population is still visible and the efforts to remove it would imply a highly loss of viability making the idea of recover original Przewalski's horse background unfeasible.
The concern about conserving populations pure, especially livestock breeds (Hall and Bradley 1995) , lead us to warn about the drawbacks of admixture. The results of this study enhance the importance of keeping recorded genealogies of the populations, and show the importance of a quick reaction against introgression to keep it under control. The efficiency of the information provided by genealogies depends on the total amount of individuals and the percentage of undesired introgression and admixture.
The genealogy has to be completely available to be useful to our desintrogression purposes, which could be relatively common in livestock breeds, but not feasible in natural populations threatened for other invasive species or breeds where keeping track of individuals is difficult or impractical (Allendorf and Luikart 2007) . In this case, there is a need to incorporate extra information. Molecular information can provide a tool to identify the breed to which animal belongs to. As molecular markers were capable of reveal introgression (Groeneveld et al. 2010 ), they will be useful for accomplishing the opposite effect, i.e. helping in the identification of the undesired individuals that are more related to the exogenous genetic background. Molecular markers can also be helpful for reconstructing the pedigree (Butler et al. 2004) allowing to apply the strategy suggested in this study. Also the molecular coancestry can be used to trace those individuals which have a foreign origin and select among the population individuals less related to them.
The conclusion from the present study is that even small undesired introgression can lead a population to quickly get mixed and lose the genetic conformation that it is intended to be preserved. In that case actions should be taken as soon as possible to recover most of the original genetic background. The importance of keeping pedigree records, or the possibility of reconstructing it through molecular markers, was also pointed out.
